I. INTRODUCTION
Ion beams accelerated with high-intensity lasers through the target normal sheath acceleration (TNSA) mechanism show exceptional properties such as high brightness, high spectral cut-off, high directionality, low emittance, and short duration (a few ps at the source). 1 These characteristics have already been used successfully in fundamental research experiments to generate warm dense matter (WDM), 2 or for proton radiography. 3 Many other interesting applications have been suggested for use in medicine, 4 nuclear physics, 5 accelerators, 6 astrophysics, 7 and in inertial confinement fusion (ICF) experiments. 8 Nevertheless, most of the requirements for applications in terms of ion energy, conversion efficiency, spectral width, brilliance, and suitability for high-repetition rate operations have not been achieved yet. To overcome the limitations of TNSA, recent studies using particle-in-cell (PIC) simulations have shown that using higher laser intensities and tailored high-density targets can access favorable regimes of laser ion acceleration. [9] [10] [11] In this paper, we report a study of ions accelerated using a recently developed cryogenic hydrogen microjet source to work towards a proton source with enhanced emittance, flux, and energy. In addition, owing to its stability and compatibility to high-repetition rates, 12 this unique target has the potential to address many of the ion source requirements mentioned above. We describe the experimental platform and present the first measurements of ions produced from a cryogenic hydrogen jet using high-intensity laser irradiation. After characterizing the typical ion beam spectrum accelerated by the Titan short pulse laser at Jupiter Laser Facility, Lawrence Livermore National Laboratory, we discuss the advantages of this advanced target for alternative enhanced ion acceleration mechanisms.
II. EXPERIMENTAL PLATFORM
The cryogenic hydrogen jet consists on a continuous flow helium cryostat. Cooled down to a temperature of ∼17 K, the liquid hydrogen emerges from a thin 10 µm diameter orifice with a flow of around 100-200 sccm (see Figs. 1(a) and 1(b) ). The liquid hydrogen jet cools by evaporation and freezes with minimal mass loss, producing a continuous 10 µm diameter cylinder of solid-density hydrogen (0.07-0.08 g/cc) as shown in Fig. 1(c) . The liquid hydrogen solidifies within the first few hundred microns depending on the hydrogen flow, temperature, and aperture size. The hydrogen target propagates into vacuum at a velocity of ∼50-100 m/s, thus minimizing the mass loss due to sublimation at the laser interaction point typically located <20 mm away from the nozzle. 13 Ultra-high intensity laser pulses are typically focused to a few to 10 µm focal spot diameter (full width at half-maximum (FWHM)) on a Rayleigh length of a few tens to 100 µm. The limited size of the hydrogen target in two dimensions makes stability and precision of alignment mandatory, especially for a low-shot rate laser system such as Titan. Two high-magnification, long working distance objectives, wellseparated in angle (>60 (see Fig. 1 (a)) damp any vibrations coming from the vacuum chamber on which the jet is attached to, and align the jet with micrometer precision. Using this method, the spatial jitter of the jet measured 20 mm from the nozzle is typically ±4 µm, comparable to the transverse laser focal spot jitter. Another important aspect in the operation of the hydrogen source is the downtime required for the cooling and warm up procedure of the source, 3-4 h in total. Therefore, diagnostics compatible with limited-to-no access of the inside of the target chamber between shots are recommended. Nevertheless, with its compact size and <5 × 10 −5 mbar vacuum requirement, the micro-jet source is highly appropriate for implementation and use in high-intensity laser facilities such as the ones dedicated to external users where user access is limited.
III. EXPERIMENTAL SET-UP
A schematic of the experimental setup is shown in Fig. 2 . The Titan laser is frequency doubled to enhance the pulse intensity contrast: 14 owing to its high energy (∼140 J at 1057 nm) and comparably long duration (700 fs), the laser pulse is indeed prone to produce a pre-pulse that would significantly expand the target before the main irradiation, thus degrading ion acceleration. This effect is even more critical in our case due to the limited target size, moderate density, and low-Z, resulting in a high expansion velocity. A f/3 offaxis parabola (OAP) focuses the laser to a 10-13 µm diameter (FWHM) focal spot after optimization with the deformable mirror, and delivers a peak intensity on target estimated at 3-5 × the advanced ion acceleration mechanisms [9] [10] [11] are based on enhanced laser coupling efficiency and thus predict an ion emission preferentially in the laser forward direction. In order to differentiate protons generated through these two mechanisms, the laser propagation axis makes an angle of 30
• with respect to the target cylindrical axis (TNSA ions are typically emitted in a 20
• half-cone angle). A Thomson parabola (TP) records the ions emitted in the direction normal to the target surface, while another one measures the ion spectra produced in the laser forward direction. Each ion beam is collected by a 500 µm diameter pinhole located 1 m away from the interaction. After being deflected by a 1.1 T magnetic field to differentiate ions of different velocity and by a 4.0 kV/cm electric field to differentiate ions of different charge-to-mass ratio, the ions deposit their energy on a FujiFilm BAS-TR image plate (IP) detector. In order to avoid noise and high voltage arcing, a differential pumping system is implemented between the TP and the target chamber to ensure a pressure below 10 −5 mbar.
IV. RESULTS AND DISCUSSION
On the IP raw images shown in Fig. 3(a) only the line corresponding to protons is visible. In comparison with regular planar foils shown in Fig. 3(c) , the cryogenic target surface does not show any heavier ions from hydrocarbon contaminants (e.g. carbon, oxygen) when irradiated. In this highintensity interaction, only the ions present initially in the   FIG. 3. (a) Raw images of IPs recorded in the target normal and laser forward direction during a high-intensity shot on hydrogen. The corresponding proton spectra are computed using an absolute calibration of the signal on the IP; 18 raw IP image from the laser forward TP obtained when irradiating, respectively, (b) the cryogenic source fed by a mixture of H 2 and D 2 gas (3:1), (c) a 7 µm thick planar aluminum foil. The color scaling used for IP images is logarithmic with respect to the ion dose and is adjusted to improve the contrast. Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 103.232.241.5 On: Thu, 15 Sep target, in this case protons, are accelerated. This degree of ion beam purity produced by TNSA has never been achieved using other target designs or preparation methods. Future nuclear and medical applications 5, 15 have interest in preferential acceleration of heavier ions such as deuterons or carbon. Similar results can be achieved when using any pure gas compatible with the cryogenic source. 13 For instance, a pure deuteron beam has been produced at SLAC National Accelerator Laboratory from a pure deuterium cryogenic target. 16 We notice that maximum proton energy and flux are relatively low compared to what can be obtained using standard metallic foils under identical laser conditions. Using 7 µm Al foil, the same laser system typically accelerates an order of magnitude more protons to the 1 MeV energies and produces proton beams with energy cut-off up to 8 MeV (see Fig. 3(c) ). This difference can be explained by two main reasons: (i) the focal spot diameter is comparable if not larger than the target, so a non-negligible portion of the beam is not interacting with the target; (ii) the target cylindrical geometry induces TNSA ions to be emitted at 360
• instead of 40
• , which inherently reduces the ion flux measured within a given solid angle. Work is currently underway to develop new rectangular shaped apertures that would allow us to produce wider and thinner planar targets.
When comparing the two spectra in Fig. 3(a) , one notes that protons are present in higher number in the target surface normal direction and exhibit a semi-Maxwellian spectrum typical of TNSA. The laser forward spectrum is significantly modulated in the high energy part showing a strong proton quasi-monoenergetic peak at 1.1 MeV, with an energy spread of 4% (FWHM). This suggests that an acceleration mechanism different from the standard TNSA occurs in the laser forward direction. Secondly, the absence of modulations in the ion spectrum produced from an aluminum planar of comparable thickness (Fig. 3(c) ) indicates the importance of the target density on the onset of this mechanism. Although further analysis and simulations are required to determine which acceleration regime is responsible for the modulations, these preliminary results are very encouraging for applications. For instance, the monoenergetic feature shows already sufficient ion energy and flux for ion probing in stopping power measurements of WDM. 17 Cryogenic micro-jet targets are highly appropriate to study alternative acceleration processes. First, laser conversion efficiency is predicted to be the most efficient when the target gets closer to relativistic critical density. For a cryogenic hydrogen target, this regime is already achievable with some of the currently available PW laser systems, e.g., ∼10
21 W/cm 2 for 527 nm laser light. In addition, direct comparison with 2D and 3D PIC simulations is possible due to the low-Z and moderate density of the target. To investigate the effect of chemically mixed target and ion charge-to-mass ratio on ion acceleration processes, we are also able to produce a soliddensity mixed hydrogen/deuterium target by using a mixed gas of H 2 and D 2 for input of the cryogenic source. The proportion of each species is chosen by applying different pressures for each gas input. To illustrate this capability, we show in Fig. 3(b) the TP traces obtained after irradiation of a (3:1) hydrogen/deuterium target. The two ion traces visible on the IP indicate the production of a pure broadband proton and deuteron beam. Unfortunately the laser energy was low during this shot, thus no meaningful comparison can be performed with the pure hydrogen case.
V. CONCLUSION
Using a cryogenic hydrogen microjet target, we demonstrated that a multi-MeV pure proton beam can be produced through high-intensity laser interaction. The high purity, limited size, moderate density, and mixed target capabilities make this target highly favorable for study and realization of enhanced ion acceleration mechanisms, as illustrated by the 1.1 MeV quasi-monoenergetic proton peak recorded in the laser forward direction. Future experiments will aim to improve ion beam production by testing asymmetric jets at higher laser intensities and repetition rates.
